Introduction
A monolithic differential transformer balun whose turn ratio and self-inductance of primary and secondary windings can be changeable have been achieved. It can be extended to the 4-port transformer balun that is used as the combining device of Rx input and Tx output. It is designed and characterized to apply to a 2.4GHz differential CMOS LNA. It has S 21 of 10dB and S 11 -11dB at 2.4GHz using the matching inductance of 6nH.
General Instructions
The development of the sub-micron CMOS technology enables the integration of RF ICs with digital block on silicon for the rapidly growing communication market. Transformer balun that is considered as the external components is integrated to the differential input and output port of low noise amplifier (LNA) and power amplifier (PA) to obtain the high-level integration and low cost [1] [2] . It is also developed to the combining device of the integrated front-end structure for LNA and driving amplifier (DA) [3] .
A monolithic transformer balun can be realized either by inter-winding or stacking two identical inductors. Fig. 1 shows the each structure. While the inter-wound spiral transformer balun ( Fig. 1(b) ) have symmetric structure and top metal is used as interconnection metal for each port, it has more inter-metal parasitic capacitors compared to the stacked transformer. The stacked transformer ( Fig. 1(a) ) has small area but it has more substrate parasitic effect and non-symmetric metal structure because two inductors are located on the upper and lower layers, respectively.
As a circuit element of LNA, the function of transformer balun can be explained by the role of each port. The role of primary transfers the RF input power to the secondary. Therefore it is necessary to increase the quality factor of primary inductor to reduce the power loss that is related with the increase of noise figure (NF) of LNA. The role of secondary winding controls the impedance matching of the LNA using the inductance of differential output. The power transfer of primary to secondary is related with coupling factor (k) and it affects the inductance of each port. Therefore, it is careful to increase the coupling factor to reduce the power loss because that makes the inductance variable and the impedance matching difficult.
Design
As RF input matching element, Fig. 2 shows the schematic diagram of transformer balun and cascode LNA. There are two kinds of magnetic coupling (k and k'). K is the coupling factor between the primary and secondary windings that decreases the magnetic flux and k' is the coupling factor of the center-tapped secondary winding that increases the magnetic flux. The inductance of port 2 and port 3 can be expressed below.
(1) (2) Since the self-inductance L 2 and L 3 are ideally same, each inductance can be expressed like this.
By controlling the decreasing value (k x L 1 ) due to the coupling factor k and the increasing value (k' x L 2 ) due to the coupling factor k', the requisite matching inductance of port 2 and port 3 can be obtained. The design of transformer balun is performed by calculating the required impedance of each port and then by determining the self-inductance and turn ratio of the primary and secondary windings.
We aim to design the planar spiral transformer balun that has the ratio of 1:2 for primary and secondary impedance. The number of turn can be expressed with the voltage, current and the relation between the number of turn and inductance of each port.
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The impedance of primary and secondary windings can be expressed using the number of turn and inductance of each port using the equation (4). (5) To get a ratio of 1:2 for the impedance of primary and secondary windings, the ratio of the inductance of primary and secondary windings has to be 1:2. 
Results
Fig . 3 shows the measured result of the inter-wound transformer with 1:1 turn ratio. It has the inner diameter of 126µm, metal width and spacing of 10µm and 2µm. The number of turn for primary and secondary windings is varied to find the reasonable inductance value while the turn ratio is fixed. Q-factor, self-inductance (L self ) and self inductance with mutual (L eff ) of transformer can be extracted like below. (6) Effective inductance is the sum of self-inductance (L) and mutual inductance (M). Maximum available gain (G max ) that characterizes the overall performance of transformer by the Q-factor and coupling factor is plotted [4] . The three-turn-transformer has maximum value in Q-factor and G max at the target frequency (2.4GHz) and it is the good example for the number of turn for primary to optimize the power transfer between primary and secondary. Fig. 4 shows the microphotograph of the transformer balun that is used as the impedance matching and measured results of LNA that used the transformer balun as input matching element. Each winding of transformer balun has the symmetrical structure and secondary winding has the center-tap in the physical middle of port 2 and port 3. Primary winding is fixed by three turns and secondary winding is selected to get the inductance of 6.2nH. The self-inductance of the primary and secondary winding are 3nH, 6.2nH and coupling coefficient k, k' are 0.7 and 0.3, respectively. The calculated matching inductance is 6nH. On the DC condition of V dd =2.5V and I dd =9mA, differential CMOS LNA has the S 11 of -11dB, S 21 of 10dB and NF of 4.5dB at 2.4GHz. 5 shows the front-end structure using 4-port transformer balun. It consists of two 2-port transformer balun that are stacked up and down. Transformer balun with 1:2 turn ratio is used as the Rx input port and transformer balun with 1:1 turn ratio is used as the Tx output port. Differential LNA has the S 11 of -12dB, S 21 8.8dB and S 12 -48dB at 2.4GHz.
Conclusions
We show the differential transformer balun whose turn ratio of primary and secondary windings can be changeable depending on the specific applications. To apply the transformer balun to the differential CMOS LNA, transformer balun is designed to have the ratio of 1:2 for the primary and secondary inductance. Optimal primary winding has three turns and inductance of 3nH. Secondary winding is selected by controlling the inductance value to get a 1:2 turn ratio. LNA that has differential input applied by transformer balun has the S 11 of -11dB, S 21 10dB and NF 4.5dB at 2.4GHz. Measured result of LNA in 4-port transformer balun is S 11 of -12dB and S 21 8.8dB at 2.4GHz. 
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